Linear Fresnel Plants are composed of flat mirrors that reflect direct radiation towards a fixed receiver tube parallel to the reflectors. In traditional plants, mirrors are able to rotate around a single axis. This type of solar tracking system generates high losses at its ends. In the paper a new configuration is studied in which the mirrors placed at the ends are moved around two axes. The proposed system is thus able to recover the direct radiation which, otherwise, would not reach the receiver tube. The rotation of the mirrors is managed by stepper servomotors. They allow a robust solar tracking, not influenced by external forces. The work presents the kinematic system for moving the field of mirrors actuated with open loop control. Stepper motors generate a motion by steps; in order to execute each step at the exact moment, the logic of movement is properly defined. It is necessary to know in detail the temporal position and the law of motion for each rotation to identify the driving logic of the motors. The behaviour of the "electric motor -mechanical system" is numerically modelled, evaluating the torque and the errors in the motion.
INTRODUCTION
This work represents an update of the previous paper on the study of Fresnel mirrors movement [1] .
Concentrated solar power plants or CSP (Concentrating Solar Power) convert solar radiation into thermal energy, using reflective surfaces, which focus the sun's rays on a smaller receiver [2] . A concentrator and receiver constitute the solar collector, equipped with a tracking system that allows it to follow the apparent motion of the Sun [3] .
Among the most widespread solar concentration plants, which differ from the others also due to the lower initial cost, there are those that use Fresnel linear collectors [4] .
The concentrator consists of segments of flat or slightly curved mirrors arranged according to the principle of the Fresnel lens [5] . The receiver tube is positioned at the focal point and is fixed; unlike the linear parabolic collector, the movement therefore concerns only the concentrator. This is an advantage because, to let the heat transfer fluid circulate, the use of flexible hoses in the connection between the individual manifolds and between these and the pipes of the distribution network is avoided [6] .
To reduce the dispersion of the reflected light, numerous studies have been carried out on the geometries of a secondary reflective surface to be installed above the tube to reconcentrate the rays [7] . The absorber tube is crossed by molten salts or diathermic oil that heat up, or by water that evaporates producing steam, which is sent into a turbine for the direct production of electricity. The primary reflection system is composed of mirrors arranged parallel on a plane. Mirrors vary in size according to the size of the installation; they can even reach 1.5 m in width and 5 m in length. The efficiency of the system is determined very much by the reflectivity of the mirrors; it must be high, not only during the realization phase, but also during the whole life of the mirror [8] . There are different solutions regarding the creation of the reflecting surface of the primary panels. Today, silver surfaces are often used, protected by glass and multilayer paints, which are applied to the rear of the reflective side to protect it from the effect of external agents that cause aging and loss of performance over time.
Among the losses that limit the optical efficiency of the system, in addition to the optical losses due to the properties of the reflecting surfaces and the absorber glass, there are also others caused by the movement of the reflectors.
These include losses due to blocking, shading, for extremes and for the error in the non-continuous motion that is followed.
Losses due to blocking and shading can be reduced by increasing the distance between adjacent reflectors [9] . Cosine losses can be reduced, for example with the translation of reflectors [10] . However, these solutions limit the area actually occupied by the plant. Alternatively, you can keep the distance between the spotlights unchanged and accept that they do not produce useful effects at certain times of day.
End losses, on the other hand, are inevitable with primary reflectors able to rotate around a single axis [11] . In this work, a type of system will be proposed in which the reflectors placed at the longitudinal ends of the plant have two degrees of freedom so as to reduce them as much as possible.
As mentioned, there are also losses due to tracking errors. The motors used in moving the mirrors are steppers. This implies that the law of the following motion must be carried out by means of a step-wise course, which inevitably does not allow perfect directing of the sun's rays towards the tube.
In this work, the stepper motors will be modelled from the electromechanical point of view, in order to identify the characteristics that allow optimization of the energy yield while guaranteeing effective solar tracking.
END LOSSES
End losses in a linear Fresnel system are very important as they directly affect the overall optical efficiency. They are determined a lot by the position of the Sun on the celestial vault and, therefore, vary according to the time and the period of the year.
With reference to a plant oriented in a North-South direction, Figure 1 shows that, when the sun on the sky is in a longitudinal direction to the plant (for example at noon), a substantial part of the pipe is not radiated by the sun's rays.
Figure 1. End losses
A solution often adopted consists in constructing the plant in such a way that the pipe has a greater longitudinal length than the dimensions of the reflectors. However, this solution does not improve the collector efficiency. In fact, for the same area available for the plant, the final part of the ground is occupied only by the protrusion of the pipe and is therefore not covered by reflectors. To exploit all the available surface, it is advisable that it is completely covered with reflectors. In this way, inevitably, the tube cannot exceed the length of the reflectors, which already cover the entire area of the plant.
In a traditional Fresnel linear system, the end losses are caused by the solar tracking system which allows the reflectors to be rotated only around an axis. The law of motion of reflectors is the following [10]:
(1)
In Eq. (1), β represents the angle between the normal of the reflector and the horizontal direction East; d is the distance of the reflector from the center of the plant; h is the height of the tube from the plane of the mirrors; a and α are the azimuth and the solar altitude respectively.
From the correlation it is evident that all the mirrors rotate at the same angle. The rotation, in fact, is exclusively determined by the solar parameters to which is added a fixed term dependent only on the row of mirrors considered.
During reflection, the point of arrival on the pipe is not on the same cross-section as the point where the reflection takes place. With reference to the final part of the system, it happens that the reflected rays, owing to this phase shift, do not hit the receiver. Once k is defined as the aforementioned length, therefore, it is the portion of the plant in which the reflective surfaces do not provide useful effect. Its value is obtained by studying the reflection deriving from the movement with the law of Eq. (1) [11] : 
Therefore, according to the height of the pipe, the end losses can reach significant values. Figure 2 shows the trend of the length k obtained by applying Eq. (2) in the case of a plant with a North-South orientation and a receiver tube height of 5 meters. It is noted that, for June 21, k is between -2 meters and 2 meters, while, for December 21, it also reaches values of 10 meters at noon.
HANDLING SYSTEM
To eliminate the losses caused by the end effects, a system with two degrees of freedom is studied, applied only to the reflectors placed in the end parts of the collector.
The structure consists of supporting bases on which horizontal steel beams are placed, which have the function of supporting the mirrors and the corresponding supports.
The bases have a vertical shape; they are anchored to the ground through a square steel base as shown in Figure 5 .a. They are used to support the horizontal steel beams that are arranged in a transverse direction with respect to the plant.
On the beams there are grooves ( Figure 3 ) necessary to insert the bearings that allow the rotation of the mirrors along their main axis.
There are two support tracks to accommodate two bearings. Based on the size of the installation, and in particular on the length k described in the previous paragraph, the section of the installation to be covered with reflectors with two degrees of freedom is determined.
In order to be sure of recovering all the end losses, the section must have a length equal to the maximum value that k assumes over the entire year and, in order to avoid using excessively long reflectors, it is covered with numerous mirrors lower in length. On the beams there is the housing for two bearings: to allow, on both sides, the installation of reflectors that can be moved around two axes. The bearings are then protected by the bearing covers. The mirrors able to rotate around two axes are mounted between the two horizontal beams. In particular, in the configuration presented, the installation of 13 primary reflectors is planned. A main rotation takes place around the axis passing between the two bearings of the two beams. The secondary rotation, instead, takes place around an axis perpendicular to the main axis; this axis, in turn, rotates undergoing the primary rotation.
The secondary rotation axis consists of a rod, inserted on the support, which rotates integrally with the latter. The support is shown in Figure 4 .a.
The support, therefore, is embedded at its longitudinal ends on the inner rings of the bearings, which guarantee primary movement. The mirror is supported by the transversal central rod and is able to perform the secondary rotation around this axis.
In a decentralized position, as shown in Figure 4 .a, the servomotor housing is connected to the support. In fact, the motor that generates the secondary rotation must rotate together with the entire support. The rotary servomotor, by means of a "gear wheel -rack" system, transfers the motion to the mirror pushing it upwards or pulling it downwards. The decentralized position to which the motor is placed allows the reflector to be moved, in the secondary direction, through the application of a suitably calibrated torque, to guarantee the correct positioning of the mirror. Figure 4 .b shows the coupling between the support and the mirror. The mirror is hinged on the central rod. The linear motion is achieved by means of a vertical rod with the function of pushing and/or pulling the reflector. 
PILOT SYSTEM
The inclinations that the biaxial mirrors must assume to reflect the radiation exactly on the point of the tube belonging to the same cross-section as the point where the reflection takes place are determined in Ref. [11] . They are the following:
arcsin(cos cos ) qa
In which, p represents the angle of the primary rotation, q the angle of the secondary rotation, a the azimuth of the normal to the surface and a the angular altitude of the same with respect to the horizon. The expressions for the calculation of these last two quantities are the following:
where, xS, yS and zS are the spatial coordinates of the versor representing the direction of the solar rays.
Unlike classic LFRs, the rotation angles of the different mirrors are not equal in the reflectors moved around two axes, and it is for this reason that two servomotors should be used for each reflector. The use of two servomotors for each reflector would lead to an increase in the initial cost of the plant, making its installation uneconomical.
However, for a system oriented towards the North-South direction, the trends of the p for the various reflectors are very similar to each other during the day. It is therefore possible, by accepting a minimum error, to perform the primary rotations of the reflectors with the same servomotor, adopting the law of motion of the central reflector. Regarding instead the secondary rotation it is necessary to insert a servomotor for each reflector, which rotates together with it solidly. For the sizing of the servomotors and the possible error deriving from the application of a stepper motor, the need arises to analyse the dynamics of interaction between the electric part constituted by the motor and the mechanical part represented by the reflector, which opposes the rotation motion based on its rotational inertia.
On the basis, therefore, to these premises, the actuator consists of a two-phase bipolar hybrid stepper motor for which a control model has been created.
In short, it is composed of windings in the stator crossed by current so as to generate a magnetic field; the rotor is made up of a permanent magnet that rotates placing its poles in the opposite direction to the generated magnetic field. By alternately feeding the windings it is possible to make the rotor perform small steps. For driving the actuator, in One phase on mode, the current must always be present in both phases, but changing towards. The result is that the torque increases about 1.4 times and the current absorbed doubles. In Table 1 the alternation of the current in the phases is shown to allow the execution of four steps, with reference to a motor with four polar expansions.
Table 1. Current alternation in phases
Step Phase 1 Phase 2
The equations necessary to describe the electrical operation of the hybrid stepper motor are as follows:
in which,
a and b subscripts refer to the two phases; -La and Lb are the inductances of the phase windings; -Va and Vb are the voltages of the two phases; ia and ib are the currents flowing in the two windings; -R is the resistance of the electrical circuit of each phase; ke is the torque conversion factor [N.m.A -1 ];
ω is the angular velocity of the rotor; -ϴ is the angular position of the rotor; -Nc is the number of polar pairs of the rotor; -C is the generated torque.
The electrical equations to the meshes, Eq. (7) and (8), indicate that the supply voltage is distributed in: inductive voltage drop on the winding, voltage drop caused by the resistance of the electric circuit and induced electromotive force which generates the torque that allows rotor rotation. Eq. (9) derives from the Lorentz law and expresses the torque acting on the rotor, as a function of the position of the rotor itself, and of the intensity of current flowing through the windings. To these equations it is necessary to add others that are representative of the load to be moved.
First of all, with reference to the motor that generates secondary rotation, the transmission system must be taken into account, for which, as already mentioned, the coupling of gear wheel and rack is used. By indicating the radius of the toothed wheel with r and the distance between the center of the reflector and the point where the servomotor is positioned with s ( Figure 6 ), it is possible to write the second cardinal equation of the dynamics: 
where, M represents the mass of the panel, the length and sp the thickness.
represents, instead, the angular speed of the panel.
Figure 6. Position of the servomotor
The mechanical link between the rotation angle of the rotor and the angle of inclination of the panel with respect to the horizontal position provides another correlation. The linear vertical movement that the rack undergoes is given by:
The same displacement, with reference to the panel, can be expressed as: Eq. (15) represents the link between the angular velocity of the rotor and the angular velocity of the panel. This is not a linear type of link since the position angle of the panel also appears in the correlation. The calculations that are reported below refer to a panel with the geometric characteristics summarized in Table 2 . The value of r is important because it is determined by the performance of numerous rotations by the panel covering small angles. Of course, in reality, the rotor radius does not have such a low value of r (2.5 millimetres). To reduce the value of r, inside the transmission, it is necessary to insert a speed reducer. The insertion of the reducer allows the torque to be increased and, at the same time, the output speed to be reduced. It is possible to obtain a reduction factor of about 10 (assuming the rotor radius is approximately 2.5 centimetres) using one or two reduction stages.
The operation of the stepper motor was therefore modeled by a feedback control. The latter takes into account both the electrical laws concerning the operation of the motor and the mechanical conditions of the load to be moved.
The characteristics of the electrical components used are shown in Table 3 and refer to classic stepper motors available on the market. The opening of the circuit-breakers is controlled, in both phases, so that the voltage on the windings is 3.1 V or -3.1 V.
RESULTS
To obtain the required current trend, they are processed by a mathematical logic with rectangular waveforms, which, through Boolean operations, generate the typical "One Phase On" reference trend.
The currents must be such as to follow a time course such as that shown in Figure 7 , in which the energizing sequences of the stepper motor phases are present.
When the real current intensity passing through the circuit is lower or higher than the reference current intensity, the switches open and/or close making sure that the sign of the voltage changes. This type of electronic control guarantees for the circuit that the circulating current is always the desired one.
Figure 7. Current intensity sequence in phases
To compare the current intensity of reference with the real one it is necessary that the model is able to estimate the effective current circulating. This calculation is carried out by implementing the written electrical equations, Eq. (7) and (8), written for both phases.
With reference to a linear Fresnel plant located at a latitude of 40 °N and with a receiver tube height of 3 meters, the results of some simulations referred to a typical day are shown below.
As an example, the results for the secondary rotation of the central reflector for January 21 are shown. Figure 8 shows the trend of the reference angle, for an interval of 5 minutes, that ideally the panel should follow. The angle is determined by applying the law of motion described in Eq. (4).
The rotation that the rotor should ideally follow, however, is kinematically linked to the rotation of the reflector by the transmission system according to the relations (12) and (13). In Figure 9 it is possible to observe the corresponding law of the reference motion of the rotor. The angle of the initial position has been set to 0°. Assuming that each step has an amplitude of 1.8° (0.0314 rad), the model generates the sequence of the reference currents and defines, in feedback, the temporal opening of the circuit-breakers so as to provide the voltage suitable to simulate the expected current trend. The actual circulating currents are determined by the implementation of the electrical equations to the mesh of the circuit and the results obtained are shown in Figure 10 .
The current intensities have a square wave pattern, similar to that required to complete the steps. The alternation of the currents in the phases allows the motor to execute the steps. There are slight fluctuations caused by electrical inertia and above all mechanical ones.
An important aspect to be evaluated is also represented by the torque values that the motor must be able to supply. We must take into account the fact, however, that the value obtained can be very variable according to the wind speed on the reflectors. The incidence of wind has not been taken into consideration in the discussion but, nevertheless, it is necessary to provide for the motor supplying about twice the maximum torque obtained. The calculated torque results are shown in Figure 11 .
The torque value is void for as long as no movement is required; peaks are reached in the instant the step is completed. Torque peaks, which have a maximum value of about 0.6 Nm, are necessary to overcome inertia forces. The actual angular position of the motor is shown in Figure  12 . In Figure 13 , instead, the real motion of the reflector superimposed on the theoretical motion is shown.
From the figure it is evident the error that is committed through the step movement. The maximum tracking error is approximately 0.02°. From the control point of view, the step response presents the trend of a feedback control system of the first order. In fact, with the electrical characteristics of the motor and the mechanical characteristics of the reflector under consideration, no settling oscillations of any kind are generated. Finally, in Figure 14 , a zoom of the delivered torque is shown, which is cancelled with a time of about 3 seconds.
To highlight the gain, consequent to the use of primary biaxial tracking reflectors, the results obtained by applying the energy simulation model presented in [3] are reported, for a plant with a length of 100 meters and an absorber tube height of 5 m. The fluid used is a molten salt with a flow rate of 0.73 kg/s. Figure 15 shows, in particular, for December 21 st at 12:00, the temperature trend of the glass tube, of the secondary concentrator, of the fluid and of the absorber tube. The temperature of the tube is lower than that of the fluid since the molten salts, which are introduced at 290 °C, cool down. -In the second section the tube absorbs the radiative power concentrated by the reflectors and transfers thermal power to the fluid. The temperature of the pipe undergoes a sharp increase with consequent transfer of heat between the wall and the fluid that begins to increase its temperature in the direction of motion. -In the third section, of a length equal to the initial one, the thermal power that reaches the absorption system is approximately double compared to the second section. The primary reflectors with biaxial tracking, which in a classic linear Fresnel system would be unusable, direct further radiation on the final tube section. The slope of the fluid temperature curve increases and the pipe temperature undergoes a further sharp increase. The efficiency obtained through the simulation was 65.1 %. In the case, instead, of using primary reflectors with a single degree of freedom, what happens in the third section would not occur, and the second section would extend to the end of the collector. In classic Fresnel linear systems, the losses that occur at the beginning of the collector (in this case to the south) are not recovered in the final section. Under these conditions, plant efficiency would be 54.8 %.
The plant engineering solution with biaxial tracking reflectors proposed in the work would therefore involve, for the 100 m plant taken as a reference, an increase in efficiency of over 10 percentage points at the winter solstice.
CONCLUSIONS
The research involved the study of the handling system of a linear concentration Fresnel plant in which the reflectors at the ends are able to rotate around two axes. In this paper, the support structure of the terminal reflectors which allows them to rotate around two axes was presented. They must be able to rotate around the main axis directed in the longitudinal direction of the system, and around a secondary axis perpendicular to the first and which undergoes the primary rotation. In order to allow secondary motion, it is necessary for the servomotor to rotate solidly with the support on which the reflector is placed.
In this work, a dynamic study was then carried out to simulate the motion followed by the reflector. To do this, the coupling of the motors with the mechanical components was modelled. The control logic of the servomotors has been defined by solving the electrical equations applied to the windings and the cardinal equations of the dynamics that govern the motion of the mirrors. The analysis allowed the time trend that is actually followed by the reflector to be obtained.
The model made it possible to verify how the kinematic behaviour changes with the variation of the electrical quantities and the geometric characteristics of the reflector.
In the example case presented, the difference between the law of ideal motion and that actually followed by the reflector, and the values of the torque generated by the secondary servomotor are shown. The model presented, allowing assessment of the settling time and the oscillations around the equilibrium position after each step, is useful for a preliminary analysis that leads to the sizing of the various components.
The solution proposed in this work involves, a maximum yield increase of about 10 percentage points at the winter solstice for a plant of 100 m and height of the absorber of 5 m.
